Abstract Treatment towards wound healing, a complex and dynamic process, has been given a great deal of efforts in the last few decades. Focus has been imposed on developing wound dressings that meet the requirements for proper wound healing. In this study, hydrogel made from blends of poly (vinyl alcohol) and β-1,6-branched-β-1,3-glucan (beta-glucan) were synthesized by modified solvent casting method for wound dressing application. Optimization of hydrogel composition and analysis of wound dressing parameters such as stability and fluid uptake capacity (in the presence of water, saline and different pH solutions) has been studied. The result indicated that the PVA/beta-glucan hydrogel hold its structural integrity even at alkaline pH (pH~9) and upholds fluids four times of its original weight. Thus, the developed hydrogel is expected to be a promising candidate as wound dressing.
Introduction
Being the first line of defence, skin forms the protective barrier of the human body with the dense surface and corneous layer.
Healing process of the skin wounds is a complex process, aiming to restore several functional damages experienced by the wounded skin [1, 2] . From a long time, use of cotton, gauze etc. is used in the treatment of wound healing [3] . However, the resulting dry wound bed leads to the formation of scab thereby extending the healing time through retarding the rate of epithelialization [4] . It was when Winter [5] demonstrated that moist wound bed accelerates the wound healing mechanism, research has been focused on exploring biomaterials that provides moisture to the wound bed along with playing the role of physiological barrier and shield which protects the wound as well as aids in the removal of exudates oozing from the wound site.
Hydrogel are three dimensional polymeric networks that can absorb and retain huge amount of water inside it, when kept in aqueous medium [6] . They are made from homo-/co-polymeric grids synthesized from synthetic and/or natural polymers. Due to its tendency to absorb water, they form soft consistency when swell and thereby closely mimics the functional tissue and cellular environment [7] . Hydrogel made from natural biopolymers such as collagen, cellulose, xanthan, alginate, hyaluronan, carrageenans etc. and partial synthetic/synthetic polymers such as poly (vinyl alcohol), poly (ethylene glycol), poly vinyl pyrollidone, polyurethane etc are widely investigated for their application in drug delivery, wound dressings, tissue engineering etc [8, 9] . Significant properties such as water holding ability, hydrophilicity, biocompatibility, biodegradability, non-cytotoxicity and non-irritability make the hydrogel one of the promising candidate to be used as wound dressings [10] .
PVA is a water soluble-and non-carcinogenic polymer extensively studied in the medical industries in the form of film, fibre, powder, thin coatings, capsule coverings etc [11] [12] [13] . Hydrogels made from PVA has been given particular interest in the field of wound dressings due to its transparency, impermeable barrier to bacteria, permeability to small molecules etc. Inspite of these substantial properties, PVA based hydrogel suffer from insufficient elasticity and stiffer membrane with imperfect hydrophilicity [14] . Blending PVA with other polymers enhances the setbacks of PVA hydrogel thereby improving the wound healing process. β-1,6-branched-β-1,3-glucan (Beta-glucan), a complex hetero-polysaccharide, is a potent activator of macrophage cells along with inducing the proliferation of dermal cells [15] .
In this study, hydrogel made from blends of PVA and betaglucan is synthesized through modified solvent casting method and optimization of the composition of the hydrogel is analysed for desirable characteristics. Using the blends of PVA and betaglucan, it is expected that the resulting hydrogel can act as a promising wound dressing; wherein the fungal polysaccharide accelerates wound healing and mechanical stability is provided by poly vinyl alcohol.
Materials and Methods

Materials
Poly vinyl alcohol (99+% hydrolyzed) and Glutaraldehyde (25% in H 2 O, Grade 1) was purchased from Sigma-Aldrich. Betaglucan (average MW, 3.5×10
6 Da) was provided by Quegen Biotech Co., Ltd. Glycerol (>99.0% purity, MW 92.09) was purchased from Biosesang Inc, Gyeonggi-do, Korea. All the chemicals were used without further purification.
Optimization of hydrogel
The hydrogel was synthesized through modified solvent casting method. Hydrogel formulation with different composition of the initial precursors were made and allowed to air dry for 48-72 hours after pouring onto petri dish. Briefly, the initial precursor molecules, poly (vinyl alcohol) and beta-glucan were mixed, according to the composition given in Table 1 , under magnetic stirring for 10 min at 60 o C, such that the final concentration of PVA and beta-glucan in the final solution is 2% (w/v) and 0.2% (w/v) respectively. Glycerol and Glutaraldehyde were added to the solution sets as per the volume indicated in the above-mentioned table and stirring was continued for another 30 min in-order to achieve homogenous solution. The solution was then poured onto petri dish and was allowed to air dry for a period of 2-3 days, later which it can be peeled off evenly as a hydrogel film. The colour of the film was noted down after peeling the film from the petri dish. The weight of the hydrogel per 5 mL of the initial solution were noted down after 48 h of air drying. With the use of tissue paper, the film was blotted and the water absorbed in the tissue paper was classified as high, medium and low upon comparing with each other.
Stability of the hydrogel
The hydrogels were cut into 1 cm×1 cm and were immersed in water for 24 h at 37 o C. At the end of 24 h, the samples were taken out from the medium and were blotted using tissue paper. The ability of the hydrogel to remain in its stable form was noted down.
Fluid uptake capacity
The stable hydrogel with PVA/Beta glucan formulation was taken for fluid uptake study. Briefly, 1 cm×1 cm was cut from the hydrogel film and immersed in solution (distilled water and 0.9% NaCl) at 37 o C. At particular intervals of time, the film was taken out from the immersion medium and the surface water was gently blotted using tissue paper. The weight of the sample before and after immersion in immersion medium was noted. The swelling ratio was calculated using the following formulae:
where, W i and W t are the weights of the hydrogel sample before immersion and at particular intervals of time after immersion respectively.
Effect of pH on fluid uptake capacity
The effect of pH on swelling ratio of the hydrogel samples were observed at five different pH conditions (pH 4, 5.8, 7, 7.4, and 9). Briefly, the hydrogel samples were weighed and immersed in different pH solution at 37 o C. At specific time intervals, these samples were taken out from the immersion medium and after removing the surface water, the weights were again noted down. The effect of pH on swelling ratio was calculated using the formulae given in equation (1).
Results and Discussion
The prepared hydrogel solutions (from Table 1 ) poured onto the petri-dish forms hydrogel when left to atmospheric air drying for 48-72 h. The test groups to which glutaraldehyde solution was added, showed switch in colour from transparent solution to translucent yellow shades, marking the crosslinking process (between functional groups of poly (vinyl alcohol) and betaglucan molecules) taking place in the hydrogel formation step. The remaining test groups in which glutaraldehyde is absent, remained transparent even after the formation of hydrogel. Also, addition of β-glucan and Glycerol to the hydrogel precursor solution, increases the weight of the hydrogel (measured per 5mL of the prepared solution after 48-72 h of air drying during the hydrogel formation process).
In addition, all the test groups containing beta-glucan showed high surface moisture while the rest of the test groups exhibited no moisture content (showed in Table 2 ). In order to test the stability of the formed hydrogel, 1 cm×1 cm sample from each test group were immersed in water solution for 24 h and were looked for their ability to hold the structure, even after uptake of the fluid. It was found out that the test groups 2 and 7 exhibited good stability apart from the hydrogel made of PVA alone (either with or without glutaraldehyde and glycerol).
The starter materials used for hydrogel synthesis were acidic (beta-glucan [pH 3.5 to 4.0] and PVA [pH 5.6 to 5.8]), making the synthesized hydrogel also acidic. Thus, the milieu provided by this acidic hydrogel is expected to favour the activation and survival of neutrophils and migration of epidermal cells to the wound site, which in turn helps in intensifying the pace of wound healing [16] . Apart from the soluble beta-glucan, glycerol, a trihydroxy alcohol, was added to synthesize the hydrogel. Glycerol helps to improve skin hydration and epidermal barrier repair during the complicated multistep wound healing process [17] . In addition, the stiffness imparted by the PVA to the hydrogel was lessened with the addition of glycerol, in addition to the effect of beta-glucan.
It was reported earlier that higher the glucan content, the less Adding β-Glucan & Glycerol gives moist nature to the gel Fig. 1 Visual observation of the different hydrogel groups (prepared as mentioned in Table 1 ) Fig. 2 Fluid Uptake Capacity of the hydrogel (Test group 2 and 7 given in Table 1 ). Briefly 1 cm×1 cm hydrogels were immersed in solutions (distilled water and saline (0.9% NaCl)) and their corresponding weights before and after immersion at particular time intervals were measured for calculating the swelling ratio of the test samples wound healing in the inflammatory phase; whereas higher the PVA content, the stiffer and moisture-less the hydrogel was, making it unsuitable for wound dressing application [14] . The blending ratio of the polymers used in this study (polyvinyl alcohol and beta-glucan) were carefully selected so that the effects of the hydrogel on wound healing, as well as its mechanical stability in body fluids, was greatly enhanced. Thus, the hydrogel (test groups 2 and 7) with appropriate polymer blends and composition with suitable moisture and flexible nature were selected for further analysis of the fluid uptake capacity, a desirable parameter in wound dressing application. Swelling ratio acts as an index for analysing the fluid uptake capacity of the hydrogel. Solutions such as de-ionized water, saline solution and solutions with different pH were used for studying the effect of solutions on water uptake ability of the hydrogel. As the former two solutions are used to clean wounds and the saline solution resembles body fluid, these solutions were selected for the swelling study. In addition, normal human skin is slightly acidic to prevent microbial invasions. However, some medical conditions may alter the skin; therefore, the swelling behaviour of the hydrogel was studied using solutions with solutions with different pH values (4.0, 5.8, 7, 7.4, and 9.0). Thus, solutions with different pH conditions were involved in analysing the fluid uptake capacity of the hydrogels. Briefly, the hydrogel was cut and immersed into different solutions. At the required time intervals, the immersed hydrogel pieces were removed from each solution and, with blotting paper, the solution adsorbed onto the hydrogel surface was carefully removed. The weight of the individual pieces was determined before and after immersion, and the swelling ratio was calculated. The water holding capacity of the hydrogel (Test group: 7) comparable to its dry weight was found to be 93.22% (data not shown).
It was found out that the test group '2' surpasses the water uptake capacity upon comparing the test group '7', when immersed in all the three types of solution. Also, the water uptake capacity of the hydrogel is higher for both the groups upon immersing in distilled water when comparing the saline solution. Infected wound beds and exudate fluid have pHs ranging from 7.5 to 8.9. Fig. 3 Effect of pH on fluid uptake capacity of the hydrogel (Test group 2 and 7 given in Table 1 ) Fig. 4 Schematic representation of the synthesis of PVA/beta-glucan hydrogel and the possible mechanism of hydrogel formation Hence, it is important for the hydrogel to hold its structural integrity together with removing the exudate fluids from the alkaline wound bed. When testing the effect of pH on swelling ratio of the hydrogel, the hydrogel immersed in a solution with an alkaline pH showed drastic swelling of more than four times its original weight followed by water uptake capacity at pH 4.0 and 7.4. At pH 5.8 and a neutral state, the swelling capacity of the hydrogel was reduced. In all the pH conditions, the hydrogel remained stable. In addition, the as-prepared membrane (Test group: 7) was subjected to drying by keeping it in hot air oven for a period of 7 days, followed by analysing the swelling capacity of the dried membrane. It was found out that the dried membrane still holds its capacity to swell as comparable to the swelling ratio exhibited by non-heat-treated membrane (Fig. 4, Supplementary  Fig. 1 ).
